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ABSTRACT
Understanding Soil Liquefaction of the
2016 Kumamoto Japan Earthquake
Donald Jared Anderson
Department of Civil and Environmental Engineering, BYU
Master of Science
The Kumamoto earthquake of April 2016 produced two foreshocks of moment
magnitude 6.0 and 6.2 and a mainshock of 7.0, which should have been followed by widespread
and intense soil liquefaction. A Geotechnical Extreme Events Reconnaissance team (GEER) led
by Professor Rob Kayen of UC Berkley was dispatched to the Kumamoto Plain –which is in
Kumamoto Prefecture, the southern main island of Japan –immediately following the
earthquake. The Japanese and U.S. engineers in the GEER team observed mostly minor and
sporadic liquefaction, which was unexpected as the local site geology, known soil stratigraphy,
and intensity of the seismic loading made the Kumamoto Plain ripe for soil liquefaction. The
paucity and limited scale of liquefaction shows a clear gap in our understanding of liquefaction
in areas with volcanic soils. This study is a direct response to the GEER team’s preliminary
findings regarding the lack of significant liquefaction.
An extensive literature review was conducted on the Kumamoto Plain and its volcanic soil.
The liquefaction of the 2016 Kumamoto Earthquake was also researched, and several sites were
selected for further analysis. Four sites were analyzed with SPT, CPT, and laboratory testing
during the spring of 2017. A slope stability analysis and undisturbed testing were performed for
specific sites. The results of the analysis show a general over-prediction of SPT and CPT methods
when determining liquefaction hazard. The Youd et al. (2001) NCEES method was the most
consistent and accurate in determining liquefaction. The soils in the area including sands and
gravels had high levels of fines, plasticity, and organic matter due to the weathering of volcanic
ash and pyroclastic material. The volcanically derived coarse-grained soils may also have
exhibited some crushability, which gave lower resistance readings. Filled river channels had the
worst liquefaction with natural levees and the Kumamoto flood plains having only minor
liquefaction. Publicly available boring logs rarely showed laboratory test data of bore holes which
led to a general inaccurate soil classification. Boring logs were also not updated with laboratory
classifications and data. Undisturbed cyclic triaxial testing of soils at one site showed that volcanic
soils had relatively high resistance to soil liquefaction, though drying of samples may have
compromised the results. Embankment cracking at one test location was calculated a lateral spread
and a seismic slope failure along the pyroclastic flow deposit.
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1

INTRODUCTION

The Kumamoto earthquake of April 2016 produced two foreshocks of moment magnitude
6.0 and 6.2 and a mainshock of 7.0, which should have been followed by widespread and intense
soil liquefaction. A Geotechnical Extreme Events Reconnaissance team (GEER) led by Professor
Rob Kayen of UC Berkley was dispatched to the Kumamoto Plain –which is in Kumamoto
Prefecture, the southern main island of Japan –immediately following the earthquake. The
Japanese and U.S. engineers in the GEER team observed mostly minor and sporadic liquefaction,
which was unexpected as the local site geology, known soil stratigraphy, and intensity of the
seismic loading made the Kumamoto Plain ripe for soil liquefaction. The paucity and limited
scale of liquefaction shows a clear gap in our understanding of liquefaction in areas with
volcanic soils.
This study is a direct response to the GEER team’s preliminary findings regarding the lack
of significant liquefaction. This study will attempt to explain the limited scale of liquefaction in
the Kumamoto earthquake of 2016. The scope of my research is limited to only the Kumamoto
Plain, on which Kumamoto City is located, and will exclude the Aso Caldera and areas farther
away to the north and south (Figure 1-1). The Kumamoto Plain is mainly composed of volcanic
sediments originating from the Aso Caldera and metamorphic and sedimentary rocks from the
southernmost Median Zone mountain range. Conclusions from this report should not be applied
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to other volcanic regions unless the regional differences are well understood, as volcanic soils
can be unique to their regions.
I will first explain the theory behind soil liquefaction followed by a geological history of
the Kumamoto plain, a discussion on volcanic soils, and a report of the liquefaction observed
during the 2016 Kumamoto Earthquake. Next, I will present analysis and interpretation of test
hole data that members of the GEER team and myself collected during a field expedition in the
summer of 2017. I will also present the results of a cyclic triaxial testing performed at the
University of Colorado, Boulder and a slope stability analysis at one of the test sites. I will
conclude by discussing my results regarding the scarcity of soil liquefaction in the Kumamoto
Plain and suggesting avenues of future research.

Figure 1-1. Scope of Kumamoto Earthquake liquefaction research highlighted in red.
Image from Google Maps
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LIQUEFACTION

Liquefaction is the temporary transformation of soil into a liquid state. If certain conditions
are met, a soil subjected to a cyclic stress from an earthquake can build pore water pressure to
the point where it is equal to the overburden pressure. At this point, a liquefied state is achieved
until water can either escape or energy dissipate (Seed, 1982). Essentially, the soil transfers the
overburden stress from the soil skeleton to the water. Water is incompressible and will be
squeezed out, resulting in deformation and loss of soil strength to release built-up pressure,
among other effects. In some rare instances, a soil may exhibit flow liquefaction, which is like a
mudslide.
In this chapter, I will briefly explain the susceptibility of a soil to liquefaction, how
liquefaction is initiated, and the effects of liquefaction on infrastructure and soils.

Susceptibility
Not all soil is susceptible to liquefaction. A soil first requires a minimum threshold of
earthquake shaking to generate pore pressures. Then, several criteria must also be met for a soil
to be considered susceptible to liquefaction, and many factors can completely remove the risk of
liquefaction. A holistic view of a soil is needed because a soil’s susceptibility to liquefaction is
sensitive to each variable. The following criteria are key indicators of a soil’s susceptibility to
liquefaction.
3

Groundwater Depth
A soil must be saturated with water in order to liquefy. Liquefaction is a unique soil-water
interaction. Typically, liquefaction occurs when the ground water table is only a few meters
below the surface. If groundwater fluctuates, then the risk of liquefaction also fluctuates. Given
that much of the Kumamoto Plain is covered with rice paddies, which are seasonally filled with
water, the water table would have been near the surface. Publicly available boring logs confirm
that ground water levels range from one to three meters below ground level in the Kumamoto
Plain. Kumamoto is famous in Japan for having high ground water reserves and clean aquifers
(Kumamoto City, 2015). There is also sufficient rainfall to regularly recharge the ground water,
not to mention several large rivers in the area. The water levels were high enough for
liquefaction to occur at any location across the Kumamoto Plain.

Geological
Young, freshly deposited soil is most susceptible to liquefaction. Late Pleistocene (10,000130,000 years ago) and older sediments are more resilient to liquefaction while Holocene soils
(10,000- present) are more vulnerable (Youd and Hoose, 1977). Loosely placed fill is the most
susceptible. Time allows soil to cement, densify, and generate fines. Fluvial, colluvial, and
aeolian deposits are also vulnerable and, in some instances, alluvial fan, alluvial plain, beach,
terrace, playa, and estuarine deposits are vulnerable (Kramer, 1996). Younger and less
compacted or weathered soils are also more susceptible to liquefaction (Youd and Hoose, 1977).

Historical
Seismic pre-shaking of a zone results in a decreasing risk of future liquefaction (El-Sekelly
et al., 2017). Pre-shaking can refer to prior earthquakes or foreshocks. Each previous instance of
4

liquefaction allows a soil to build up a resistance to future liquefaction by way of densification;
however, prior liquefaction will somewhat reset this process, though recovery speed from
liquefaction is increased (Youd 1984; El-Sekelly et al., 2015). Pre-shaking reset was
demonstrated during the 2011 Tohoku, Japan earthquake, in which many man-made and natural
sites re-liquefied (Wakamatsu, 2012).

Compositional
Particle angularity and mineralogy that facilitate volume and density change increase
susceptibility to liquefaction. Soils with rounded particles (commonly found in fluvial and
alluvial environments) densify more easily than those with angular grains (Kramer, 1996).
Rounded particles have lower maximum and minimum void ratios and can experience large
volume and density changes. Angular soils tend to lock together and inhibit volume and density
change and therefore are less susceptible to liquefaction unless the confining pressure is high
(Vaid et al., 1985).
Fine grained material can impede particle rearrangement and reduce liquefaction
susceptibility, though this relationship does have some exceptions, and soil plasticity is a better
indicator for susceptibility to liquefaction. For example, non-plastic silts are fully capable of
liquefying, indicating that particle size is less important than the plasticity of the soil (Ishihara,
1993; Bray & Sanchio, 2006). Until recently, four Chinese criteria (Wang, 1979) were used to
determine a fine-grained soil’s susceptibility to liquefaction. The Chinese criteria are now
discontinued in favor of the Boulanger and Idriss (2006) or the Bray et al. (2004) criteria. Soils
with both high fines content and high plasticity are not susceptible to liquefaction. Figure 2-1
shows the limits of liquefaction susceptibility, as found by Boulanger and Idriss (2006). Bray et
al. (2004) liquefaction susceptibility limits are shown in Figure 2-2. Boulanger and Idriss (2006)
5

set a plasticity index of seven and higher as not susceptible, with the four to seven range being
possible, and less than four being susceptible. Bray et al. (2004) sets a plasticity index of 20 and
above as not susceptible, 20 to 12 being possible, and less than 12 being increasingly susceptible.
Bray et al. (2004) evaluates water content and liquid limit in conjunction with soil plasticity.
Often times, both methods are used when evaluating liquefaction susceptibility of fine-grained
soils. This paper will use the Boulanger and Idriss (2006) cutoff point of plasticity index of seven
and higher as soil that is not susceptible to liquefaction for soils with significant fines content.

Figure 2-1: Liquefaction susceptibility criteria for fine-grained soils (Boulanger & Idriss,
2006)

6

Figure 2-2: Liquefaction susceptibility criteria for fine-grained soils (Bray et al., 2004)
Materials with high relative density typically do not liquefy, since they dilate rather than
contract with cyclic loading, which generate negative pore pressures (Cassagrande, 1936). Loose
materials tend to generate positive pore pressures which lead to liquefaction. This concept is
further explained in the initial state criteria section later in this chapter. Relative density is a poor
predictor of the strength and behavior of crushable soils, such as pumice, and should be
cautiously approached when considering susceptibility (Liu et al., 2015).
Soil classification is useful in providing an initial screening of suspect materials. Sands and
silts can liquefy, while gravels and clays rarely liquefy. Sands experience high volume change,
quickly generate pore water pressure, and usually have little to no plasticity. Silts are similar to
sands when non-plastic and similar to clays when plastic (Boulanger and Idriss, 2006). Gravels
dissipate pore pressures too quickly to exhibit liquefaction, unless the gravel is trapped between
layers of impermeable materials such as clay. Sands with increasing gravel content also have
7

significantly increasing liquefaction resistance (Evans & Zhou, 1995). Clays, especially highly
plastic clays, absorb and dampen much of the cyclic loading and tend to experience cyclic
softening rather than liquefaction such as seen during the Adapazari, Turkey earthquake of 1999
(Boulanger and Idriss, 2006). Cohesion and inter-particle forces are significant with cyclic
softening and so the effects of cyclic softening are much less significant than traditional
liquefaction.
Well-graded soils are resistant to liquefaction, while poorly graded soils are more
susceptible at lower relative densities. Well-graded soils have a wide distribution of particle sizes
which fill voids, which at low relative densities hinder the generation of pore pressure (Vaid et
al., 1990).

Initial State Criteria
Arthur Cassagrande (1936) found that soils tend to either dilate or contract to approach the
same density, a point that he called the Critical Void Ratio (CVR). Soils strive to achieve
equilibrium between loose and dense states. A loose material will naturally consolidate while a
dense material will seek to expand and relieve stress. Cassagrande (1936) predicted that positive
excess pore pressures are generated in loose soils and negative excess pore pressures in dense
soils (Kramer, 1996). With this information, Cassagrande (1936) theorized the CVR line, which
marked the difference between contractive and dilative behavior. The CVR line did not,
however, hold true under undrained conditions as shown during the 1938 Fort Peck dam failure,
where excess pore water pressures were generated and were unable to dissipate during the
construction of the dam. While the concept of the CVR line was theoretically solid, there was
something not accounted for in the theory.

8

Cassagrande’s PhD student, Castro (1969), continued research on sands and corrected
Cassagrande’s CVR line. After the 1964 Alaska and Niigata, Japan earthquake liquefaction
events, Castro went on to study the liquefaction of sand. Newer testing equipment allowed higher
accuracy and improved methods of testing liquefaction phenomena. The corrected CVR line was
developed from liquefied sand and had the line plotted below but parallel to the old CVR line
and is known as the Steady State Line (SSL) (Castro 1969). The CVR and SSL lines are shown
in Figure 2-3.
Non-susceptible materials under the SSL will generate negative pore pressures instead of
positive pore pressures as shown in Figure 2-4 (Kramer, 1996). They will dilate and increase in
strength. Susceptible materials above the SSL —such as a loose sandy— will generate positive
pore pressures and will separate and liquefy. The soil will experience a sudden drop in strength.
Medium dense sand will initially generate positive pore pressures which quickly become
negative pore pressures through a process called phase transformation. Medium dense sand may
experience partial liquefaction (Kramer, 1996). The initial density of a soil is critical in
determining susceptibility to liquefaction.
The position of the SSL is unique to a soil and is dependent on its density, gradation,
particle angularity, and other compositional criteria. While useful, finding the SSL of a soil
requires specialized lab equipment and can be time consuming and expensive. In addition, in-situ
soil conditions must be closely replicated for accurate results. Different testing procedures will
yield slightly different values for the SSL (Vaid et al., 1990).
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Figure 2-3: Initial State Criteria. Drawn after Kramer (1996)

Figure 2-4: Effects of density, A being most dense, C being loosest, on liquefaction. Drawn
after Kramer (1996)
Initiation
The initiation of liquefaction is considered after a soil is determined to be susceptible to
liquefaction. A susceptible soil must be strained or stressed enough to induce liquefaction. If the
cyclic stress on a soil is weak or short in duration, a susceptible soil may not reach a point of
liquefaction. There are two types of liquefaction: flow liquefaction and cyclic mobility. If the
10

initial static stress is greater than the Steady State Point (SSP), the soil might flow liquefy as
shown in Figure 2-5, panel b (Kramer, 1996). The soil will reach the SSP and will have less
strength than the initial static stress. If the initial static stress is less than the SSP, the soil might
be susceptible to cyclic mobility as shown in Figure 2-5, panel c. In cyclic mobility, the stress
profile does not reach the SSL, but reaches a point of zero stress and oscillates between positive
and negative stress states (Kramer, 1996).
Proximity to earthquake epicenters is essential when considering liquefaction initiation
(Ambraseys, 1988). Liquefaction cannot occur without some sort of cyclic stress, which for this
research is the earthquake ground motions. The ground motions alone are responsible in
generating positive pore water pressure. At a certain distance, the ground motions are too minor
to cause a significant enough rise in pore pressures. Of note, some subduction zone events can
cause liquefaction in distant areas, such as the 2011 Tohoku, Japan earthquake, which caused
liquefaction in sites in Tokyo, over 300 km away.

Figure 2-5: Types of liquefaction failure. a) No liquefaction, b) flow liquefaction, and c)
cyclic mobility (Kramer 1996)
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Soils will tend toward the SSP when undergoing large strains (Kramer, 1996); however,
the stress paths of soils will vary as shown in Figure 2-6 (Kramer, 1996). Points below the SSL
will dilate until they reach the SSP. Points above the SSL will have a contractive behavior. The
peak of the contractive curves is called the flow liquefaction surface and is represented by the
dashed line (Kramer 1996). When the flow liquefaction surface is reached, the soil rapidly loses
strength and converges to the SSP passing a point of no return and flow liquefying.

Figure 2-6: Flow liquefaction surface (dashed line) and SSL (Kramer 1996)
Cyclic mobility results from the generation of pore water pressure from cyclic loading.
Given enough time and intensity, a soil may generate large enough pore pressures to where the
effective stress of the soil becomes zero. The soil will oscillate around zero strength and
accumulate large strains. However, a fine-grained soil will still maintain cohesive force, which
will greatly hinder the initiation of liquefaction.
12

Methods for Predicting Liquefaction Initiation
There are multiple methods that use different soil properties to determine liquefaction
initiation. Most methods use clean silica sands to determine correlations and should be used
cautiously when dealing with natural deposits that differ significantly from silica sands. Example
materials are calcareous and volcanic sands. However, most methods have been calibrated over
time to include other sands and soil types and should have a reasonable degree of accuracy. The
following section will describe the most common methods in both practice and research.
The cyclic stress approach is a popular method used in the United States and was
pioneered by Harry Seed and others at the University of California Berkley (Seed, & Idriss,
1971). The cyclic stress approach estimates a cyclic stress ratio (CSR) with equation 2-1, which
represents earthquake motions. A Cyclic Resistance Ratio (CRR) is estimated with equation 2-2,
which corrects SPT blow counts and accounts for both earthquake proximity with a magnitude
scaling factor (MSF) and overburden correction with Kσ . CRR equations are available for CPT
and other methods as well (Idriss & Boulanger, 2012; Boulanger & Idriss, 2014; Robertson &
Wride, 1998; Youd et al., 2001; Robertson, 2009). A factor of safety against liquefaction, given
in equation 2-3, is defined as the ratio of CRR to CSR, with a value of one and above indicating
no liquefaction. Pore pressures will still generate and lower the strength of the soil, but this will
be less damaging than full liquefaction (Boulanger & Idriss, 2007). Typically, stress is used to
compute the CSR because although there is a stronger correlation with cyclic strains, the
difficulty in computing strains makes the stress approach more practical.

CSR = 0.65𝐶𝐶𝐶𝐶𝐶𝐶 = 0.65
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The CSR value in equation 2-1 can also be acquired through ground response analysis
which requires field testing and time history generation (Kramer, 1996). A ground response
analysis applies soil conditions to a time history to determine average cyclic shear stress. Ground
response analysis is difficult and complicated so a simplified method is commonly used (Seed
and Idriss, 1971). The simplified method is shown in equation 2-1 and assumes shear stress to be
0.65 of the Peak Ground Acceleration (PGA). The simplified method compares well with the
more complicated method. Publically available PGA models and predictions can be used to
determine PGA such as those provided by the USGS.
One method to find the CRR is to test an undisturbed soil sample in the laboratory. The
undisturbed soil sample is liquefied and the resistance to liquefaction is directly measured,
corrected, and correlated to get a CRR. Laboratory testing to acquire CRR is slow, expensive,
and difficult to do. Another method is described by Seed and Idriss (1971) and more recently
Idriss and Boulanger (2012) and Boulanger and Idriss (2014). A CRR is found by normalizing
SPT values, a simple, practical, and widely practiced method that has also been developed for
CPT cone tip resistances. Fundamentally, all methods rely on soil relative density to calculate
liquefaction initiation.
Shear wave testing is a less common method used to test for liquefaction initiation of soils
but is a good companion test to a CPT analysis. The average shear wave velocity of the soil
profile is determined using geophones and some form of wave generator. Shear wave testing is
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the least conservative of the methods and requires a specialized operator for any degree of
reliability (Kayen et al., 1992). The benefits of the shear wave test are: it is non-destructive to the
soil, it can be quickly done, it is based on correlations independent of SPT/CPT, it directly
measures a dynamic soil property, and it can be used for soils other than clean sands with good
accuracy (Tokimatsu & Uchida, 1990). Therefore, this method of analysis may be beneficial in a
volcanic setting such as Kumamoto. Unfortunately, this method does not allow for sample
retrieval, which makes determining susceptibility criteria difficult. Shear wave testing indirectly
relies on soil relative density to compute liquefaction initiation but should be compared to a CPT
analysis for reliability (Kayen et al., 1992).
An energy dissipation approach that combines SPT correlations with earthquake energy
and distance from source is also used to compute liquefaction initiation (Kramer, 1996). The
energy dissipation approach is easier to apply than the simplified procedure, is more reliable, and
applies energy felt by the water in the area into liquefaction potential (Law et al., 1990; Figueroa
et al., 1994). The difficulty in comparing the dissipated energy with the seismic wave energy
makes the approach unpractical for projects. The energy dissipation approach performs better
than stress based methods when the earthquake acceleration is very low (Kokusho et al., 2015).
The effective stress-based response analysis approach is also currently being used and
refined (Kramer, 1996). A constitutive model is applied to the soil to predict liquefaction based
on the stress-strain response and pore pressure generation. The effective stress-based response
analysis is a numerical approach that relates effective stress of the soil to liquefaction. The
advantages when compared to other initiation approaches are that nonlinear ground response and
dynamic response analysis become possible allowing for complex computer modeling and
simulation (Kramer 1996). Because constitutive models for soil require significant calibration
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and validation, there is considerable difficulty in acquiring the right parameters for the model
(Kramer, 1996).
The final method that will be discussed is the probabilistic approach. The probabilistic
approach attempts to account for the uncertainly in the earthquake ground motions and is used
with the cyclic stress approach (Kramer, 1996). The probabilistic approach is a further
refinement of the cyclic stress approach which allows for more realistic application of
liquefaction analysis. The probabilistic approach is especially useful in low seismicity zones
where computed maximum PGA may make foundation design impractical.

Liquefaction Effects
Soil liquefaction was first reported during the 1964 Niigata, Japan and Alaska earthquakes,
and has been extensively studied since. Although earthquake engineering has significantly
advanced with the advent of the seismograph, these earthquakes caused the soil, not steel and
concrete, to fail. Not all earthquakes result in major liquefaction, but some liquefaction typically
occurs in every sizeable earthquake. Minor liquefaction in earthquakes is not surprising. Some
recent earthquakes with major liquefaction are the 2011 Tohoku, Japan and 2011 Christchurch,
NZ earthquakes. Figure 2-7 provides an illustration of a soil that has liquefied (Seed & Idriss,
1982). There is a gradual increase in pore pressure followed by an abrupt change in shear strain
and strength (Seed & Idriss, 1982).
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Figure 2-7: Cyclic loading test of loose sand (Seed and Idriss, 1982)

In Niigata, Japan, the Showa bridge and many buildings were severely damaged by
earthquake-induced soil liquefaction. Likewise, bridges and roadways in Alaska during the 1964
Alaska earthquake were damaged or destroyed by lateral spread (McCulloch, 1970).
Liquefaction is both destructive to infrastructure and expensive to repair. Figure 2-8 illustrates a
surface representation of liquefaction under a pavement (Youd, 1984). Liquefaction only causes
significant damage if the earthquake magnitude is large and the soil conditions are just right,
otherwise other earthquake hazards will dwarf the impact of liquefaction. The following section
will list several liquefaction-induced hazards.
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Figure 2-8: Example of ground oscillation, modeled after Youd (1984)

Liquefaction Hazards
Perhaps the most common liquefaction hazard is the sand boil, a phenomenon in which a
liquefied soil layer releases pore pressure by cracking through a surface layer and leaving behind
a sand volcano or gaping hole. Sand boils are often accompanied by large depressions filled with
water and soil from layers that were eroded. Oftentimes, the edges of foundations are perfect
exits for water and will have sand boils. See Figure 2-9 for an picture of a sand boil from
Kumamoto City that was dark and contained pumiceous materials (Kayen et al., 2017). The dark
color of the soil is typical of the Kumamoto volcanically derived soils.

Figure 2-9: Sand boils on side of house in Kumamoto, showing volcanic material that was
plastic and pumiceous in origin (Kayen 2017)
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A worst-case scenario for liquefaction is a flow liquefaction which is like a slow mudslide.
These events are rare but can cause serious damage and may lead to injury, something that is
uncommon in soil liquefaction. A similar but less serious phenomenon is lateral spreading,
which is when a soil layer under a sloped surface liquefies. Liquefied slopes can spread out
laterally for several feet. Eventually the soil stabilizes but retains a lurched slope appearance.
Usually any road on top is destroyed and levees are left vulnerable to erosion and collapse.
Lateral spread tears apart roads, levees, and hillsides and is expensive and time consuming to
repair.
Ground oscillation and settlement is also common where liquefaction occurs (Kramer,
1996). Differential deformation due to loss of bearing capacity leads to ground oscillation,
manifesting itself as random cracking and settlement. Large settlement of the ground surface can
occur due to displacement of water. When a soil liquefies, the particles rearrange to reach the
SSL. Volumetric reconsolidation and the physical exit of water by way of sand boils reduces the
void ratio of the soil. Shear failure in the soil due to loss of strength can also manifest itself
through ground settlement.
Loss of bearing capacity is another symptom of liquefaction. Excess pore pressure pushes
the effective stress of the soil to zero which causes structures to settle and tilt extensively along
with the soil around them. Deep foundations can mitigate this risk to the building, though the
ground around the structure will still settle. Pile foundations can deform and structures may
experience structural damage.
Buoyant rise of buried structures is a telltale sign of liquefaction. Buried pipes and
structures are less dense than the soil and will rise to the top of the soil when the soil liquefies.
After pore pressures dissipate, the buoyant structures will not have time to sink back into their
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original place. Buoyant structures will be torn from their pipe systems and cause ruptures in
lifelines. Buried structures have only recently been design for earthquake shaking and
liquefaction and will typically need to be replaced, a process that is expensive and disruptive to
relief efforts (Kitaura & Miyajima, 1996). Jutting protrusions in pavements are a good indicator
of a buoyant structure that has uplifted. Many manholes and pipes have been placed in loosely
compacted fill so this phenomenon is often seen in earthquakes.
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3

GEOLOGY AND GEOTECHNICS

Geology and geotechnical engineering must both be thoroughly understood to holistically
understand a region’s soil and history. Such understanding is especially useful in Kumamoto, a
geologically complex and young area. Karl Terzaghi, the father of soil mechanics, once said that,
“… soils are made by nature and not by man, and the products of nature are always complex…
As soon as we pass from steel and concrete to earth, the omnipotence of theory ceases to exist.”
(Goodman, 1999) A thorough understanding will aid us when retracing the assumptions made by
the GEER team (Kayen et al., 2017) and in determining the paucity of liquefaction.
In this section, I will describe the basic geology of Kyushu Island, on which Kumamoto is
located. Then, I will describe the Kumamoto Plain and the lively geological processes that have
been occurring since the Quaternary Period, followed by the tectonic setting of the region. A
large geological map of the study area will be provided at the end of the chapter as Figure 3-12
and Figure 3-13. An interactive version of the map —called GeoNavi —is also available through
the Geological Survey of Japan (Naito, 2014).

Kyushu Island
Kyushu Island is a subtropical region with mild winters and warm and humid, but not hot,
summers. Rainfall is high and there are two rainy seasons. Kyushu Island is composed of
mountains, with the highest peaks at a height of 3,600 m, and the occasional coastal plain
(National Environmental Agency, 2018). Kyushu Island is particularly famous for its many
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volcanoes, both dormant and active. Several volcanoes such as Unzen, Aso, and Sakurajima are
still active and regularly emit ash. Volcanoes and mountains dominate the landscape, and large
population centers are located on the coastal plains of the region, away from the mountains.
Small villages pocket the landscape, but the mountainous terrain makes large scale development
difficult. Volcanism is the most important geological feature of Kyushu Island and has been for
the last several million years (Hashimoto, 1991). Kyushu geology can be divided into two
segments: the Inner Side and the Outer Side. The Inner and Outer Sides are separated by a
mountainous boundary known as the Median Zone, shown in Figure 3-1. The Inner Side faces
the Sea of Japan and the older Outer Side faces the Pacific Ocean. The Kumamoto Plain is
located on the Inner Side of Kyushu. Many major faults lie across the Median Zone, and there is
significant metamorphic rock generation rather than the typical volcanism found throughout the
Kumamoto Plain (Hashimoto, 1991).

Sea of Japan

Pacific Ocean
Figure 3-1: Kyushu Island, Japan with geological Median Line. Image from Google Maps
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The geological history of Kyushu Island is storied with many different phases of
development. For the reader’s benefit, a reference to geological time is provided in Table 3-1
(Alan, 2006). Figures 3-2 through 3-5 illustrate the geological development of the Kyushu region
with the Kumamoto Plain highlighted by the yellow box (Hashimoto, 1991). Figure 3-2 shows
the initial development of the Median Zone which holds most of the oldest rocks in Kyushu
Island. Pre-Creaceous Period Kyushu Island was composed chiefly of carbonate and marine
sediments (Naito, 2014). However, during the Creataceous Period, the Inner Side started to
building-up with non-marine and volcanic sedimentation. The Outer Side started to experience
some volcanism but mostly maintained its marine sedimentation (Takai, 1963). Most granites
and rhyolites were formed during the Cretaceous and Paleogene Periods.
During the Neogene Period, volcanic sedimentation started on both Inner and Outer Sides
of Kyushu Island (Takai, 1963). The Pleistocene Period was eclipsed by a complex mix of
volcanism, terrace deposits, and soft and unconsolidated sediments. Large pyroclastic flows from
volcanoes, like Mt. Aso, repeatedly coated large areas of Kyushu (Hashimoto, 1991). Coarse
clastics, or weathered rocks, are dominant in non-volcanic sediments, but volcanic sediments are
intercalated with layers of ash and marine sediments (Hashimoto, 1991). Current day Kyushu is
primarily composed of older, weathered volcanic soils called “shirasu” on the Outer Side along
with marine sediments and weathered rock. The soils on the Inner Side predominately originate
from the massive Mt. Aso volcano. Quaternary Period sediments were few relative to pyroclastic
deposition, as illustrated in Figure 3-5.
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Table 3-1: Geological time adapted from Geology for Engineers and Environmental
Scientists (Alan, 2006)
Era

Period

Epoch

Neogene

Quaternary

Paleogene

Tertiary

Cenozoic

Mesozoic

Cretaceous
Jurassic
Triassic
Permian
Carboniferous

Paleozoic

Devonian
Silurian
Ordovician
Cambrian

Holocene
Pleistocene
Pliocene
Miocene
Oligocene
Eocene
Paleocene

Pennsylvanaian
Mississippian

Duraction in
Millions of
Years
3
4
19
12
16
11
71
54
35
55
65
50
35
70
70

Millions of
Years Ago
Current
3
7
26
38
54
65
136
190
225
280
345
395
430
500
570

Figure 3-2: Map of Kyushu, Japan: Sedimentary and metamorphic rocks older than
Neogene Period. Yellow box shows the boundaries of the study area (Hashimoto 1991)
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Figure 3-3: Map of Kyushu, Japan: Granites and rhyolites. Yellow box shows the
boundaries of the study area (Hashimoto 1991)

Figure 3-4: Map of Kyushu, Japan: Sedimentary and metamorphic rocks of Neogene
Period. Yellow box shows the boundaries of the study area (Hashimoto 1991)
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Figure 3-5. Map of Kyushu, Japan: Quaternary Period sediments and volcanic rocks.
Yellow box shows the boundaries of the study area (Hashimoto 1991)

The Kumamoto Plain
The Kumamoto Plain is a young alluvial deposit, located between Mt. Aso and Ariake Bay
(also known as Shimabara Bay). A general map of the region with major river labels and minor
tributaries drawn is provided in Figure 3-6. Kumamoto city receives around 1,000 – 1,500 mm of
rainfall per year with an air temperature of 8°C – 30°C in the summer (Kumamoto Prefectural
Government, 2009).
High precipitation in the Caldera forms the Shirakawa River which flows down through
Kumamoto City. The Midorikawa River and Kase River flow through the southern portion of the
plain. The Midorikawa River flows through southern volcanic soils and from the Median Zone,
thus carrying metamorphic rock, marine sediments, sandstone, and volcanic sediments (Naito,
2014). Studies by Ideue and Watanabe (2012) confirmed that the gravel beds of the Midorikawa
River were composed of welded tuff, a volcanic deposit from the slopes of Mt. Aso. Ideue and
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Watanabe (2012) also found a significant amount of sandstone sand along the river banks. The
Kase River is an amalgamation of many small streams on the Aso terrace and cuts through some
sandstone and mudstone deposits (Naito, 2014). Both the Midorikawa River and Kase River
have a considerable amount of non-volcanic alluvium. The Shirakawa, Midorikawa, and Kase
Rivers regularly flood and deposit suspended fine clay, silt, sand, and organic matter on the
Kumamoto Plain, which is also considered to be a floodplain.
Volcanic ash is easily weathered through flooding and high rainfall. Thus, the plains are
filled with weathered volcanic flood sediments. The freshest parent materials are found in the
Aso Caldera or on the Aso terraces. Due to the subtropical environment, precipitation and
chemical weathering is the primary contributor to the plain due to a short freeze-thaw cycle
during the winter in Mt. Aso. In addition to the natural deposition of sediments on the plain, 420
years ago the feudal lord of the city, Kiyomasa Kato, irrigated the plain to create rice paddy
fields and altered the natural hydrologic structure of the plain (Kumamoto City, 2015).

Figure 3-6: Image of the Kumamoto Plain river system, with key rivers labeled, shown in
teal (GSI, 2018)
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To the west of the Kumamoto Plain is the active volcano Mt. Unzen, separated from
Kumamoto by Ariake Bay. Mt. Unzen is active to this day with periodic pyroclastic flows and
ash falls. Mt. Unzen only affects the Kumamoto Plain through ash falls from eruptions. The wind
flows from west to east, so the soils of Kumamoto may be lightly intercalated with ash from Mt.
Unzen. Residents during the 1991 Unzen eruption experienced rainfall mixed with pumice ash
(Watanabe et al., 1999).
Ariake Bay, located west of the Kumamoto Plain, previously contained fresh water when
sea levels were lower 10,000 years ago (Ariake Bay research group, 1965). Due to rapid sea
level rise 6,000 years ago, this area became salinized (Ota et al., 1982). The sudden rise in water
level is shown in Figure 3-7 (Ota et al., 1982). The range of this marine deposition is illustrated
in Figure 3-8 (Otsubo et al., 1995).

Figure 3-7: Western Japan sea level fluctuations during the last 15,000 years (Ota et al.,
1982)
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Figure 3-8: Ariake Bay sediments with Kumamoto Plain highlighted. Yellow box shows the
boundaries of the study area (Otsubo et al., 1995)
Ariake Bay is filled with smectite quick clays, on top of the Aso-4 pyroclastic flow deposit
(Egashira & Otsubo 1982, Katsuaki 2005). For this reason, the western coast of Kumamoto,
which is reclaimed land, is rural farmland due to its poor soil foundation. Between 10 to 24
meters underneath the fill material, Ariake clay sediments are found, though at this depth they
are less sensitive due to pumping of groundwater and river water leaching of salts (He et al.,
2014). Ariake clays are less significant farther away from the bay, as the clay stratum rapidly
diminishes in thickness and depth.
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The Kumamoto Plain is underlain by massive pyroclastic flow deposits and ash falls from
the Aso Caldera. Four massive pyroclastic flows occurred from 300-90,000 years ago and make
up the bulk of the ground of the Kumamoto Plain (GSJ, 2018). The alluvial sediments of the
latest geological event, Aso-4, composes the bulk of the upper surface of the Kumamoto Plain.
The surface manifestations of the Aso-4 pyroclastic flow are shown in Figure 3-9. Most ash fall
from Mt. Aso was deposited to the east of the Caldera, but the flows reached past the coast in the
west. There are regular ash falls and eruptions, though most of them are minor (Saito, 1968). The
last eruption is classified as ongoing and the main cone still emits ash and smoke. There is a
regular magma discharge of 1.5 km3/ky, renewing the Aso Caldera with volcanic material. Many
pumice layers were deposited at 2,500-year intervals far beyond the edge of the Caldera
(Miyabuchi, 2009). The latest major Aso ash fall was in 1979, when tephra damaged crops in
three adjacent prefectures including the Kumamoto Plain (Japan Meteorological Association,
2013).

Figure 3-9: Aso-4 pyroclastic flow distribution. Yellow box shows the boundaries of the
study area (GSJ, 2018)
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Bordering the northern fringe of the Kumamoto Plain is the inactive volcano Mt. Kinpu.
Mt. Kinpu is quite old relative to the Kumamoto Plain and is composed of basalt lava, andesite,
basaltic andesite lava, and pyroclastic rocks. To the south of the Kumamoto Plain are also a few
small inactive volcanoes which have weathered to small hills in present time. These inactive
volcanoes are the oldest geological features of the Kumamoto Plain, reaching back to the
Mesozoic Period, and are made of marine & non-marine conglomerate. They contribute little to
the overall plain stratigraphy. To the southwest of the plain is the Amakusa Island Chain, a
peninsula that is composed of andesite, basaltic andesite lava, and pyroclastic rocks.
In the Kumamoto Plain, some of the soils are angular as opposed to the expected rounded
particles (Kayen et al., 2017). Rounded particles are typical in alluvial deposits since river
transport naturally rounds soil grains. Angular soils are typical with volcanically derived soils
due to their glassy material composition which is brittle and fractures easily (Shoji et al., 1993).
Volcanic soils will be further discussed in the next chapter.

Regional Tectonic Setting
The Futagawa-Hinagu fault zone –shown in Figure 3-10 –is the primary tectonic
mechanism in the Kumamoto Plain. The fault zone is created from the EW compression of the
Philippine Sea plate and the N-S extension of the Central Kyushu rift (Okumura, 2016). The
Futagawa-Hinagu fault zone is an unusual extensional system associated with normal faulting
and active volcanism (Kayen et al., 2017). The Futagawa and Hinagu faults separate the north
movement from the south and have an oblique, strike slip and normal-down-to-north slip
movement (Kayen et al., 2017). The Kumamoto Plain is predicted to have a subsidence rate of
0.45 mm/year in the eastern part and 0.90 mm/year in the western part (Ishizaka et al., 1995). See
Figure 3-11 for a large-scale plate movement map (Kato et al., 2016).
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Futagawa fault

Hinagu fault

Figure 3-10: Faults near the Kumamoto Plain (GSJ, 2018)

The Kumamoto Plain experienced a major earthquake of seismic intensity five or above in
1889, just after the formation of the Seismological Society of Japan. Seismic intensity is based
on the Japanese scale, which is provided in Appendix A-1 (GMA, 2019). Unusual soil alterations
from the earthquake, which researchers later concluded was liquefaction, was reported in former
river channels and, to a lesser extent, in natural levees. Liquefaction seems to have been a minor
concern in the earthquake given the high intensity ground motions. Most damage came from
structural collapse and fires (Kuribayashi & Tatsuoka, 1975; Akiyoshi & Fuchida 1998;
Wakamatsu, 2000). The most geologically vulnerable zone from this earthquake seems to have
been the man-filled former river channels. These river channels were flowing in the central
Kumamoto City, near the Kumamoto Castle.
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Figure 3-11: Map of Japanese earthquakes and plate movement from 2003 to 2015 (Kato et
al., 2016)
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Figure 3-12: Interactive geological map (GeoNavi) showing the Kumamoto Plain, Mt. Aso, and Median Zone (Naito, 2014)
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Figure 3-13: Legend of Figure 3-12 geological map (Naito, 2014)
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4

VOLCANIC SOILS OF THE KUMAMOTO PLAIN

Volcanic soils and their mineralogical, chemical, and physical properties are a topic
outside of tradition geotechnical engineering. In the case of Kumamoto, these soils and their
weathered products significantly affect liquefaction susceptibility of the Kumamoto Plain. There
is uncertainty regarding the engineering properties of volcanic soils, and even in the field of soil
science some soil properties are debated. Volcanic soil research is typically limited to fresh
volcanic sediments at shallow depths and soils located far away from major population centers.
Fresh volcanic sediments are located adjacent to volcanoes, while volcanically derived soils are
located in or near population centers. New Zealand and Japan are the leaders in the field of
volcanic ash soil studies due to the abundance of active volcanoes in the respective nations.
This section describes some of the special properties of volcanic soils which will be useful
when analyzing data from test sites, described in chapters six and seven. The section will first
describe primary materials and then secondary materials found in the Kumamoto Plain.

Primary Materials of the Kumamoto Plain
The parent materials of the Kumamoto Plain are pyroclastic flow deposits, welded tuff,
andesite basalt, and ash fall with the addition of mudstone, metamorphic rocks, and sandstone for
the southern half of the Kumamoto Plain (Naito, 2014; Matsumoto, 1963; Ogo et al., 2018; and
GSJ, 2018). These primary materials form an angular matrix with volcanic glass forming the
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infill. Many other minerals may also be mixed into this matrix. Sandy loam top soils of the
Kumamoto Plain are composed of primary materials of non-colored volcanic glass, plagioclase,
plant opal, and pumice with secondary materials of allophane with a relatively high amount of
organic matter (Kano et al., 1965).

Soil Crushability
The GEER team (Kayen et al., 2017) and other researchers (Bhattacharya et al., 2018;
Mukunoki et al., 2016) who examined sand boils found pumiceous materials or volcanic deposits
in the ejecta. Pumice and volcanic glasses are crushable soils that tend to have high shear
resistance, angularity, and resistance to liquefaction compared to similar silica-based soils (Liu et
al., 2015). Volcanic soils in general are crushable and exhibit lower resistances than for silica
sands with similar relative density (Miura et al., 2003; Orense et al., 2012; Suzuki & Yamamoto,
2004). Soil crushability is most significant for coarse grained soils such as sand and gravel.
Thick stratums of sands are found near the surface of the Kumamoto plain (Mukunoki et al.,
2016) and so soil crushability may be a significant concern when testing the soil.
Several studies have been done on crushable soils and their impacts on conventional
liquefaction initiation testing procedures (Lazcano, 2010; Wesley et al., 1999; Orense & Pender,
2012; Orense & Pender, 2013; Orense et al., 2014). Orense et al. (2014) found that SPT and CPT
testing under-predicted a crushable soil’s resistance to liquefaction. SPT and CPT testing is a
dynamic test where large strains are exerted upon the soil which crushes the soil and gives lower
resistance values than they actually exhibit in-situ. For this reason, the relationship between
cone/hammer resistance, relative density, and liquefaction are not reliable for a pumiceous sand.
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Secondary Materials of the Kumamoto Plain
Allophane and imogolite clays are found in the topsoil of the Kumamoto Plain (Kano et al.,
1965) and are the youngest weathered products of volcanic soils in the Kumamoto Plain.
Allophane and imogolite are underlain by halloysite. Old weathered clays are either kaolinite or
Ariake Bay quick clays. A brief summary of secondary clay formation will be discussed in this
section.
Initially, volcanic ash soils can weather to either non-allophanic or allophanic material. In
high rainfall and drainage areas, primary material desilication occurs, which leads to the
formation of 2:1 Al/Si allophane and its cousin, imogolite (Gieseking, 2012). If the soil is not
well drained, the silicates are not able to leech out of the material, and the secondary constituents
of the volcanic ash soil may become smectite (Gieseking, 2012). In other cases, less desilication
results in the formation of halloysite or 1:1 Al/Si allophane. These relationships are shown in
Figure 4-1 (Parfitt et al., 1983).

Figure 4.1: Formation of different volcanic secondary materials by rainfall (Parfitt et
al., 1983)
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Allophane and Imogolite
Allophane is a non-crystalline, colloidal, alumino-silicate with SiO2/Al2O3 ratios between
one and two. Allophane may seem amorphous but has shapes like hollow spheres, though there
is still some variation depending on type and location of the soil (Henmi & Wada, 1976).
Allophane is extremely small even for a clay making it difficult to determine its exact structure.
With time, allophane starts to conglomerate and form imogolite tubes. Imogolite is a colloidal,
jelly-like clay with a tubular structure found with allophane (Yoshinaga & Aomine, 1962). The
structure and harmonization of allophane and imogolite is shown in Figure 4-2 (Henmi & Wada,
1976). Notice the dots (allophane) interbedded in the tubes (imogolite).

500 A
Figure 4-2: Allophane and imogolite (Henmi & Wada, 1976)
A unique feature of highly allophanic soil is its texture. Allophane feels slippery, greasy,
and soapy to the touch and is distinct from the feel of montmorillonite, kaolinite, or halloysite.
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The higher the water content, the greater the greasy feel and the cohesion. Allophane can hold a
high-water content in the 150 to 200% range due to the hollow nature of the microscopic soil
structure (Shoji et al., 1993). Allophanic clays have a bulk density between 2.5-2.7 g cm-3, which
is similar to other minerals (Shoji et al., 1993). Allophane and imogolite wet mineral density can
vary between 1.8 to 2.9 making it difficult to determine allophane and imogolite presence just by
measuring particle density (Maeda et al., 1977).
The area directly east of the Kumamoto Plain is composed of allophanic clays as depicted
in Figure 4-3 (Saigusa & Matsuyama, 1997; Takahashi & Shuji, 2002). Allophanic clays refer
soils that form allophane, imogolite, and halloysite, as opposed to smectite. Note that this image
only accounts for parent material deposits of volcanic materials, not for any weathered
constituents as would be found in the Kumamoto Plain.

Figure 4-3: Allophanic and non-allophanic clay distribution for direct deposits for Kyushu
Island. Box shows the boundaries of the study area (Saigusa & Matsuyama, 1997;
Takahashi & Shuji, 2002)
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Halloysite
Halloysite is the resilication and recrystallization of allophane and imogolite and has
properties more akin to typical clays (Wada 1987). A picture of halloysite is shown in Figure 4-4
(Nagasawa, 1978). Halloysite is sticky like any other typical clay, rather than soapy and greasy
like allophane.
Halloysite is tubular and is formed from the spheres and strands of allophane and
imogolite. Halloysite starts out hydrated, with water inside the structure, just like allophane.
With time and heat, the water inside the structure may evaporate and the halloysite may become
meta-halloysite (Gieseking, 2012). Once meta-halloysite unrolls completely, it becomes a
kaolinite clay.
Halloysite formations seem to have no strong correlation with depth or time (Nagasawa,
1978; Sudo, 1954). The age of the youngest hydrated halloysite found in Kyushu was in the Aso
Caldera, at a depth of two meters, deposited around 9,000 years ago. A comparison volcanic soil
in Southern Kyushu was tested and the halloysite there was found at a depth of 2.5 meters and
was determined to have been deposited over 30,000 years ago (Aomine & Miyauchi, 1963).
Aomine & Miyauchi (1963)’s research prove just how differently two similar soils will weather
chemically. Generally, allophane is close to the surface, while halloysite is deeper down.
Halloysite is less plastic than allophane and water content and Atterberg limits become much less
extreme with the increased presence of halloysite as shown in Figure 4-5 (Wesley, 2973).

41

0.5 μm

0.5 μm

Figure 4-4: Halloysite image with scale lines representing 0.5 μm (Nagasawa 1978)

Figure 4-5: Increase in water content and Atterberg limits with increasing allophane
content (Wesley 1973)
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Organic Contents of Allophanic Soils
Volcanic soils also possess an affinity for organic matter and are typically layered in with
organic matter (Shoji et al., 1993). Both non-allophanic and allophanic soils are referred to as
andosols in Japan. The word andosol comes from the Japanese word “An” meaning black and
“do” meaning soil. Young Andosols with low allophane content have a color that is dictated by
parent material and organic matter (Shoji et al., 1993). Andosol low particle density is due to the
porous nature of the material, which helps to develop non-crystalline materials and soil organic
matter (Shoji et al., 1993). Dark black soils from sand boils were commonly encountered in
Kumamoto, which is indicative of volcanically derived soil and represents ash and organic
material in the soil (Kayen et al., 2017). Black colored andosols compose the top layer of the
Kumamoto Plain, with increasing thickness the closer to the Aso Caldera.

Allophanic Soil Sensitivity to Laboratory Testing Procedures
Allophanic soils suffer irreversible changes when dried. Figures 4-6 through 4-8 depict the
changes to various engineering index properties due to drying of allophanic soils, depending on
whether they are allophane or halloysite dominant (Wesley, 1973; Yamazaki and Takenaka,
1965). The severity of the drying effect is extreme for allophane dominant soils but less so for
halloysite dominant soils. Air-dried halloysite will have minor changes to Atterberg limits and
gradation but will still result in usable data. Air-dried allophane will result in unusable data due
to the extreme change in soil index properties. The above challenges encountered when testing
volcanic soils must be accounted for when performing geotechnical analysis.
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Figure 4-6: Effects of drying on allophanic soil grain size distribution. Y1 (left) is allophane
dominant while R1 (right) is halloysite dominant soils. Altered from (Wesley 1973)

Figure 4-7: Index properties differences based of test condition. First two samples (Y1 &
Y2) are allophane dominant soils and the last two samples (R1 & R2) are halloysite
dominant clays. Altered from (Wesley 1973)
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Figure 4-8: Effects of soil drying on volcanic soil plasticity (Yamazaki & Takenaka, 1965)
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5

THE 2016 EARTHQUAKE SEQUENCE

The 2016 Kumamoto Earthquake sequence occurred during April of 2016, beginning with
two large foreshocks of moment magnitude 6.2 and 6.0. These foreshocks caused substantial
damage and primed the area for the 7.0 moment magnitude mainshock. Many aftershocks
occurred, but these paled in comparison to the foreshocks and mainshock. The three main
earthquakes each had high intensity ground motions with recorded PGAs ranging from 0.2g to
1.2g. Ground motions and accelerations were accessed on publicly available Japanese strongmotion seismograph networks (K-NET, KiK-net).
The Japanese reported moment magnitude is slightly different from the USGS reported
magnitude. The Japanese use a model specifically tuned to the region to compute the magnitude,
while the USGS give magnitudes that are useful in comparing the earthquake to other
earthquakes around the globe (USGS, 2019). For this research, the USGS calculated moment
magnitude will be the default, though some of the figures provided by the Japanese are labeled
with the Japanese measured local magnitude.

Foreshocks
There were two large foreshocks of moment magnitude 6.2 and 6.0. In Japanese local
magnitude they were 6.5 and 6.4. The locations relative to the Kumamoto Plain are given in
Figure 5-3. The first foreshock occurred on April 14th at 21:26 local time. The location of the
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focus was approximately 32.74 N 130.81 E at a depth of 11 kilometers (Kayen et al., 2017). The
first foreshock faulting mechanism was a right lateral strike slip with a maximum recorded PGA
around 1.08g. The second foreshock occurred on April 15th at 00:03 local time. The location of
the focus was approximately 32.70 N 130.78 E at a depth of seven kilometers (Kayen et al.,
2017). The maximum recorded PGA was lower at 0.81g. Figure 5-1 summarizes the PGA with
epicentral distance for both foreshocks.

Figure 5-1: Foreshock PGA with epicentral distance. Left: M 6.2. Right: M 6.0
Mainshock
The mainshock of moment magnitude 7.0 (7.3 Japanese local magnitude) occurred on
April 16th at 01:25 local time, at a location of 32.75N 130.76E and a depth of 12 kilometers
(Kayen et al., 2017). There were frequent aftershocks following the main shock, and it is
theorized that many small inactive faults were reactivated (Kato et al., 2016). Figure 5-2 shows
PGA with epicentral distance. The maximum PGA is similar to the first foreshock, but the
ground motions for areas further away than 10 km are significantly higher for the mainshock.
Thus Kumamoto City, the Aso Caldera, and the Kumamoto Plain were most affected by the
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mainshock. Accelerations and seismic intensity are shown in Table 5-1 with Japanese seismic
intensity (See Appendix A-1). Figure 5-3 shows recording station locations and the earthquake
epicenters relative to the Kumamoto Plain. Intensities of six and higher are characterized by
difficultly in standing during the shaking with most indoor furniture toppling over and structural
components such as walls sustaining damage and, in some cases, failing (JMA, 2019). Figure 5-4
shows the velocity and acceleration at Mashiki Town, and Figure 5.5 shows the acceleration
response spectrum for the station located closest to the Kumamoto City.

Figure 5-2: Mainshock PGA with epicentral distance
Table 5-1: Acceleration recordings for various stations
Station

KMMH16
KMM008
KMM006
KMM009
KMMH03
KMM011
KMM005
KMMH14
KMM007
KMM004

Latitude

32.797
32.688
32.793
32.686
32.998
32.617
32.876
32.635
32.827
32.932

Longitude

130.82
130.658
130.777
130.986
130.83
130.865
130.877
130.752
131.123
131.121

Max Acc (g)
E-W
U-D

N-S

0.67
0.66
0.84
0.79
0.80
0.61
0.54
0.47
0.28
0.27

1.18
0.79
0.63
0.65
0.23
0.61
0.49
0.41
0.43
0.35
48

0.89
0.43
0.54
0.19
0.41
0.26
0.40
0.55
0.31
0.27

Intensity

6.5
6.2
6
5.7
6.1
5.6
5.7
5.7
5.3
5.5

Figure 5-3: Locations of seismic stations listed in Table 3-1.

Figure 5-4: Velocity and acceleration response spectrum of Mashiki (KMMH16)
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Figure 5-5: Acceleration response spectrum of location directly east of Kumamoto City
(KMM006)

General Damage After the Event
Kumamoto City was lightly damaged from the earthquake and performed exceptionally
well given the high ground motions. Modern structures performed well and the most significant
structural damage was non-critical cracking of large buildings in the downtown area. Kumamoto
Castle experienced major structural damage and many of its castle walls collapsed, which comes
as no surprise given its age and lack of earthquake countermeasures.
The populated area nearest to the fault, Mashiki Town, suffered catastrophic damage.
Unfazed modern structures were juxtaposed with completely collapsed older wooden homes. The
strong ground motions can be attributed to the soft soils of the plain, which amplified the ground
motions. A map of the soil amplification for the Kumamoto Plain is given in appendix A-3 (JSHIS, 2009). The soil amplification map assumes that engineering bedrock has a shear wave
velocity of 400 m/s and determines if ground motions are amplified above this value or
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dampened below it. The Kumamoto Plain had amplification factors of two and above, while the
mountains surrounding the plain had factors of one and less.

Liquefaction Damage Summary
The 2016 Kumamoto Earthquake ground motions were more than sufficient to provide
ample CSR intensity and duration for liquefaction in the Kumamoto Plain. Because the shaking
was so strong and the resulting liquefaction so minor, there must be other factors that hindered
liquefaction. Figure 5-6 shows a Kumamoto City liquefaction hazard map, which shows the
entire plain being at an extremely high (-) risk (2016). A few areas were classified as extremely
high (+) risk, which is the highest hazard risk possible on the hazard map.

Figure 5-6: Kumamoto City liquefaction hazards map (Kumamoto City, 2014)
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Three areas of the Kumamoto Plain experienced liquefaction and are illustrated in Figure
5-8 (altered from Mukunoki et al., 2016). Zone 1 was liquefaction along the outlet mouths of the
coastal rivers and on the manmade island on the coast. Zone 2 was liquefaction in narrow strips
of land and one large liquefied strip which is hypothesized to be a former river channel. Zone 3
was liquefaction sporadically pocketing floodplains and levees and manifesting as sand boils and
fissures.
One of the difficulties in accurately determining liquefied sites was the over-reliance on
aerial photography to determine liquefaction. While useful, some aerial indications of
liquefaction overstated the areas of actual liquefaction. For example, decomposing rice stalks
were mistaken for sand boils, as were puddles of water, and even shadows of buildings. Japanese
farmers often recycle old crops for fertilizer and pile them up in rice fields after harvest around
October (see Figure 5-7). As shown in Figure 5-8, there was significant liquefaction as
determined by aerial photography, but field surveys showed less frequency of liquefaction
(Mukunoki et al., 2016; Kayen et al., 2017; Goda et al., 2017).

Figure 5-7. Harvested rice stalks being used to fertilize a field in Japan (Nippon, 2014)
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Figure 5-8. Field survey and aerial photograph interpretation of liquefaction damage in the Kumamoto Plain with zones
of interest marked. Altered from (Mukunoki et al., 2016)
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Mashiki Town, which experienced the strongest ground motions, had liquefaction
suspected damages but very few surficial manifestations of liquefaction (NZSEE 2016). Minor
liquefaction of backfilled pipes and manholes occurred in some neighborhoods around Mashiki
(Kiyota et al., 2016). In general, liquefaction damage in the Kumamoto Plain ranged from minor
to none. The alluvial soils were expected to have significant liquefaction but experienced mostly
sporadic minor liquefaction (Kayen et al., 2017). The few zones that experienced moderate or
frequent liquefaction will be explained in more detail below.

Zone 1: Man-made Island and Coastline of West Kumamoto
The coastal region of the Kumamoto Plain is filled with loosely compacted fill composed
of sand and silty sand, underlain by Ariake Bay clays. The area’s development is limited to
residential homes and small businesses given the poor foundational attributes of the soil. The
reclaimed land had little to no liquefaction due to its high fines content and low to medium
plasticity (determined from publicly available boring logs), even though the soil is thought to be
mostly sand. The soil is soft and mixed with many sea shells; the soil is likely composed of
recycled sea bed materials. The estimated peak ground acceleration is around 0.5g. This area of
the Kumamoto Plain was predicted to have severe liquefaction as shown in Figure 5-6
(Kumamoto City, 2014).
Sediment deposition zones at the mouths of the Shirakawa and Midorikawa Rivers both
liquefied. Sands are deposited on the beach and coast, while silts and clays are pushed out to
settle on the sea bed. Publically available boring logs show mostly medium sand and fine sand
layers. The sediment deposition zones at the mouths of the Shirakawa and Midorikawa Rivers
contain sea walls and have been heavily altered over time and was likely engineered with clean
sands and gravels. Liquefaction was expected at these locations given a large enough earthquake.
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The man-made island to the west of the Kumamoto Plain experienced irregular
liquefaction and settlement. The island was built over a thick layer of marine silt and clay with
three meters of surcharge sand left on top, which is hypothesized to have liquefied (Kayen et al.,
2017). Sensitive clay properties may have contributed to the settlement as well as the
liquefaction, though research in this field is sparse (Torrance & Ohtsubo, 1995; Otsubo et al.,
1982). Not all areas of the island were overlain by the three meters of surcharge sand which
would explain the irregular liquefaction. Like the mouths of the Shirakawa and Midorikawa
Rivers, this area liquefied as expected.

Zone 2: Ancient River Channels in Kumamoto City
Several ancient river channels liquefied in Kumamoto City, in line with accounts of the
1889 Kumamoto Earthquake, which describe ancient river channels near the castle liquefying
(Akiyoshi & Fuchida, 1998). The largest N-S liquefaction channel, shown in Figure 5-9, has no
official records indicating it was a former river channel. Ultimately, the Japanese Ministry of
Land, Infrastructure, Transport and Tourism has concluded that the area was an ancient river that
was filled in during the Edo Period, roughly 400 years ago (MLIT, 2017). Boring logs of areas
on the liquefied strip show poorly graded sand and medium sand, which is opposed to the high
plasticity and fines content indicated in boring logs located near, but not on, the liquefied strip
(Enomoto & Kubo, 2016; Matsumoto & Hidetoshi, 2016). The material of this liquefied strip
appears to be fill material, and this is supported by historical markers that mention a bridge in the
area and a large irrigation channel which runs down the ancient river’s length. Ancient maps and
a land classification map also convey the possibility of a river. Available historical evidence
strongly suggest that this area is an ancient river (Bhattacharya et al., 2018; Kayen et al., 2017;
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Mukonoki et al., 2016). There were two other ancient river channels located to the west of the
major N-S liquefied strip and one to the north as well.

Figure 5-9: N-S liquefied river channel with liquefied sites (Wakamatsu et al., 2016)

Zone 3: Rivers to the South of Kumamoto
Liquefaction along the levees and fields of the Shirakawa River was mostly absent which
reflects the dominant influence of volcanic soils. Levees and fields along the Kase and
Midorikawa Rivers showed much more minor liquefaction, which reflects the influence of the
other non-volcanic deposits.
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Only one lateral spread was encountered by the GEER team, though a few cases of lateral
spreading were located by Japanese researchers (Kayen et al., 2017; Kiyota et al., 2017). Lateral
spread was neither severe not widespread, and most levee damage can be attributed to ground
motions and general subsidence. Lateral spreading that occurred in Kumamoto was minor
compared to other lateral spread events in Japan, such as the 2011 Tohoku, 1995 Kobe, and the
1964 Niigata Earthquakes (Hamada, 1992; Ishihara, 1999; Tokimatsu et al., 2013). In fact, most
levee damage was repaired within a few weeks after the earthquake and was not observed by the
GEER team (Kayen et al., 2017; MLIT, 2017). The dearth of lateral spread is astounding given
the many miles of waterways and alluvial sand deposits in the Kumamoto Plain. Figures 5-10
and 5-11 summarizes levee damage as recorded by the Japanese Ministry of Land, Infrastructure,
Transport and Tourism (MLIT, 2017).
Japanese researchers found extensive liquefaction at the intersection of the three rivers: the
Yakata, Kiyama, and Akizu. (Kiyota et al., 2017). These three rivers converge to form the Kase
River, which flows through the Kumamoto Plain between the Shirakawa and Midorikawa Rivers.
The area at the river convergence had a residential neighborhood that experienced moderate
liquefaction induced tilting of homes. One lateral spread occurred over a small section of the
Akizu River and was confirmed to be due to a man-filled river channel in the area (Kiyota et al.,
2017). Over the last 40 years, many of the rivers in the Kumamoto Plain, and especially the Kase
River, have been rerouted and engineered for flood protection. For example, many rivers used to
meander but have been widened and straightened in the present day. Due to major river
alterations, recycled fill material seems to have been used to refill the old river channels. Overall,
liquefaction in the southern Kumamoto Plain was limited to instances of minor liquefaction on
levees with most minor liquefaction occurring on adjacent rice fields and neighborhoods.
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Figure 5-10: MLIT damage survey for levees (MLIT, 2017)
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Figure 5-11: Lateral spread and levee cracking locations, altered from MLIT (2017)
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6

LIQUEFACTION SUSCEPTIBILITY AND INITIATION OF SELECT SITES

We mounted a field expedition to Kumamoto in the spring of 2017 to test specific sites
with current liquefaction initiation criteria. We ultimately chose four sites to test which balanced
research merit with our limited budget and difficulty in acquiring drilling permission. This
chapter will explain the methods used to test each site and then give the results of each site in
detail. The four test sites are given in Figure 6-1.

Figure 6-1. Kumamoto Plain with test sites and faults located
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Methods of Testing
Each test hole was chosen with confirmed liquefaction sites nearby or present at the
location. Sites 2-1 and 2-2 were chosen to test zone 2, the liquefied river channels. Sites 1 and 4
were chosen to test zone 3, the liquefied levees and fields in the south of the Kumamoto plain.
Each site had an Standard Penetration Test (SPT), Cone Penetration Test (CPT), and laboratory
testing of soil samples. SPT and CPT testing was done in adjacent holes. Tokyo Soils and
Research was contracted to perform the field work, and we supervised the work throughout the
trip. Site 2-1 also had undisturbed samples taken by piston sampler, which were shipped to the
University of Colorado for cyclic triaxial testing. I processed all the data and analyzed the sites
to determine their liquefaction potential. A PGA of 1.0 was used for sites 1 and 4, and a PGA of
0.5 was used for sites 2-1 and 2-2. These are consistent with observed ground motions as
reported in chapter 5. A seismic slope stability analysis was performed at site 4 to compare the
degree of liquefaction with the potential for slope failure.
Tokyo Soils and Research performed the SPT testing with a semi-automatic drop device,
which has a hammer efficiency estimated to be 78% (Skempton, 1986). Borings were classified
on the spot by the Japanese field engineers and were later translated. The SPT blow count data
was analyzed with the Boulanger and Idriss (2014) criteria to determine liquefaction
susceptibility. The Idriss and Boulanger (2012) method was not performed due to its use of rod
length, which was not recorded during the SPT testing. SPT logs were not re-updated with the
laboratory results, but I added the laboratory results to the data using the Unified Soil
Classification System (USCS). The laboratory results are shown in highlighted boxes on the
boring logs. The original boring logs are available in Appendix B.
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Tokyo Soils and Research performed the CPT testing. I processed the raw data and
analyzed the sites for liquefaction susceptibility using the program Cliq. I used the Idriss and
Boulanger (2012), Youd et al. (2001), Robertson (2009), and the Boulanger and Idriss (2014)
methods. Only the Youd et al. (2001) results will be displayed in the text. A summary of the
other methods will be shown in the following section. The CPT data was analyzed both with and
without thin layer corrections, but the results exhibited only trivial differences. The results
without the thin layer correction will be presented. The Kumamoto Plain does not have any
strong interbedded layering at the sites we tested. In addition to liquefaction initiation, I
computed predicted lateral spreading and vertical settlement. I determined the probability of
surficial manifestations of liquefaction as classified by Ishihara (1985) which analyzes the degree
of earthquake shaking and the thicknesses of liquefied material and resistant surficial layers. I
created Liquefaction Potential Index (LPI) charts for each site (Iwasaki, 1978). LPI charts are
useful in determining the probability of damaging liquefaction but are unreliable in predicting
liquefaction and in utilization for lateral spread sites (Maurer et al., 2014). A similar chart for the
Liquefaction Severity Number (LSN) is provided. The LSN predicts the degree of damage at a
site using CPT readings (Van Ballegooy et al., 2014). Both the LPI and LSN will be provided in
the following chapter, as a comparison between different CPT methods.
Tokyo Soils and Research air-dried the soils before testing for their Atterberg limits. The
plasticity tests that were conducted on Kumamoto soils likely underestimated the true soil
plasticity. There would be a minor different in the measured versus true plasticity because most
of the clays are halloysite. The grain size and Atterberg limits should be reasonable enough to
use in analysis, because allophane rich clays should only be located at the top of the soil profile.
Halloysite soils, as discussed in chapter 5, are much less susceptible to air-drying effects. Figure
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6-2 shows typical volcanic soil Atterberg limits with Figure 6-3 showing measured Atterberg
limits from our test sites (Rao, 1996). Halloysite soils are parallel to and near the A line (Wesley,
1973). When adjusting for the moderate change in plasticity, the values from our test sites
correspond nicely to halloysite.

Figure 6-2: Typical Atterberg limits for volcanic soils (Rao, 1996)

Figure 6-3: Atterberg limits summary chart
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Site 1: Small Neighborhood on Natural Levee with no Liquefaction
Site 1 is located between the Kase and Midorikawa rivers, in a depression between two
levees, in a parking lot located in the village of Inubuchi. The coordinates are 32° 44’ 17.44” N,
130° 42’ 2.47” E. The northern field across the Kase rise showed surficial signs of liquefaction
as did a small sandy field used as flood control. The village was chosen for the analysis due to
the terrain and difficulty in obtaining permissions. Figure 6-4 gives the test hole data and Figure
6-5 gives the CPT summary with Soil Behavior Type (SBT). Laboratory results are shown in
colored boxes on the boring log. Figure 6-6 illustrates the normalized CPT penetration resistance
plotted against normalized friction ratio and Soil Behavior Type Index (Ic) with depth.

Figure 6-4: Site 1 SPT counts, soil layering, and laboratory test results
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Figure 6-5. Site 1 CPT readings and SBT
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Figure 6-6. Site 1 normalized CPT penetration resistance plotted against normalized friction ratio and Ic with depth
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Geomorphology
The Inubuchi village is built on a natural levee and the farmland is built on a flood plain. A
geomorphological map and locations of liquefaction are shown in Figure 6-7. The boring log
shows that the natural levee is extremely soft and plastic which explains its resistance to
liquefaction. The soft clay deposits should not be the Ariake Bay deposits, since the deposits are
located deeper down. Local boring logs suggest that the rice fields are layered with sand, gravels,
and fill materials. Major river course alterations that occurred during the 1960s and 1970s in
Kumamoto significantly altered the natural sediments of the plain due to loose deposition of
excess soil. See Figure 6-8 for before and after pictures.

Figure 6-7: Map of liquefied locations with triangle representing boring location and
geomorphological land classification map (Wakamatsu et al., 2016; GSI, 2018)
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Figure 6-8: Before (1960s) with estimated modern day river course and after (2016) picture
(GSI, 2018)
SPT Susceptibility and Initiation Analysis
I did not perform an SPT analysis because none of the site material was susceptible to
liquefaction due to high fines content along with high soil plasticity, according to the Boulanger
and Idriss (2004) and Bray and Sancio (2006) criteria. The water table was at a depth of one
meter from the surface. Fine grained and plastic material dominated the entire profile with the
only sand being present at the bottom of the test hole, as expected, due to the underlying
pyroclastic deposits. Laboratory testing indicated that these sands were too plastic to liquefy.

CPT Liquefaction Susceptibility and Initiation
I performed a CPT initiation analysis to contrast the results of the SPT analysis. The results
of the CPT analysis are shown in Figure 6-9. My analysis predicts liquefaction occurring at the
deeper sand layers at an interval of 9 to 11 feet. My analysis also predicted 12 cm of settlement.
Little to no surficial manifestation of liquefaction is indicated, based on the Ishihara chart (1985)
shown in Figure 6-10.
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Figure 6-9: Site 1 liquefaction analysis using Youd et al. (2001)
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Figure 6-10. Site 1 surficial manifestation of liquefaction (Ishihara, 1985)

Site 2-1: Downtown Kumamoto with Severe Liquefaction
Site 2-1 is located in a recently urbanized area of Kumamoto City. The coordinates are 32°
46’ 11.73” N, 130° 41’ 33.90” E. Since the last 50 years, this area has turned from residential
farmland to the suburbs of Kumamoto City. The site lies between a large collector street and a
heavily traveled arterial street. Site 2-1 lies in the middle of a gravel parking lot, over the
location of an old home that was demolished due to liquefaction damage. The liquefaction was
among the worst that was observed in Kumamoto following the 2016 Earthquake sequence
(Kayen et al., 2017). Figure 6-11 summarizes the boring log data and Figure 6-12 summarizes
the CPT data. Figure 6-13 illustrates the normalized CPT penetration resistance plotted against
normalized friction ratio and Ic with depth for site 2-1.
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Site 2-2 was located on the liquefied channel zone, discussed in chapter 5. The sands were
poorly graded, which was consistent with other soil profiles along the liquefied strip (Enomoto &
Kubo, 2016; Matsumoto & Hidetoshi, 2016)

Figure 6-11: Site 2-1 SPT counts, soil layering, and laboratory test results
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Figure 6-12. Site 2-1 CPT results and SBT
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Figure 6-13: Site 2-1 normalized CPT penetration resistance plotted against normalized friction ratio and Ic with depth
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Geomorphology
This area is deeply underlain by silts and clays, probably highly weathered byproducts of
the Aso-4 pyroclastic flow and Ariake Bay clays. Above these fine grained materials is a fivemeter layer of poorly graded sand which is unusual and does not appear to be naturally placed.
Sands in the Kumamoto Plain almost always have a significant amount of fines present. Other
nearby boring logs off the liquefied strip show sand layers with a large amount of fines present.
On top of this poorly graded sand is a one-meter volcanic ash fall deposit. The uppermost layer
of Site 2-1 is naturally deposited through ash falls and flood sediments. Figure 6-14 shows the
land classification map.

Figures 6-14: Geomorphological land classification map of site 2-1 with site 2-1 indicated
by the triangle (GSI, 2018)

SPT Susceptibility and Initiation Analysis
I performed an SPT analysis at this site which predicts the poorly graded sand layer would
liquefy. The results are shown in in Table 6-1. Around 3.5 meters of sand was expected to
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liquefy for this area. The poorly graded sand has low blow counts and zero plasticity, which
makes it highly susceptible to liquefaction.

Table 6-1: Site 2-1 SPT analysis using Boulanger and Idriss method (2016)
Depth
interval

Material PI

FC

N

N1(60cs)

CRRM,σ'v CSRM,sigv'

FS
(SPT)

0-.5
.5-1
1-1.5
1.5-2
2-2.5
2.5-3
3-3.5
3.5-4
4-4.5
4.5-5
5-5.5
5.5-6
6-6.5
6.5-7
7-7.5
7.5-8
8-8.5
8.5-9
9-9.5
9.5-10

Sand
Silt
Silt
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand

#N/A
#N/A
#N/A
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
44.9
44.9
44.9
44.9
21.7
21.7

#N/A
#N/A
#N/A
8
8
12
12
11
11
16
16
24
24
24
2
2
1
1
3
4

#N/A
#N/A
#N/A
17.27
15.93
21.74
20.92
18.64
17.99
24.66
24.00
34.30
33.61
32.97
8.36
8.28
6.91
6.87
8.43
9.56

#N/A
#N/A
#N/A
0.21
0.19
0.28
0.26
0.22
0.21
0.34
0.32
1.25
1.08
0.95
0.11
0.11
0.10
0.10
0.11
0.12

#N/A
#N/A
#N/A
#N/A
0.48
0.62
0.56
0.46
0.43
0.65
0.60
2.13
1.85
1.63
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A

#N/A
#N/A
#N/A
0
0
0
0
0
0
0
0
0
0
0
40.7
40.7
40.7
40.7
12
12

0.33
0.32
0.32
0.32
0.34
0.37
0.39
0.41
0.42
0.44
0.45
0.45
0.46
0.46
0.47
0.47
0.47
0.47
0.47
0.47

CPT Susceptibility and Initiation Analysis
My CPT analysis predicts seven meters of liquefied soil and 25 cm of settlement, shown in
Figure 6-15, which is much more severe liquefaction than the SPT results. Tokimatsu et al.
(2018) recorded an average of around 15 cm of settlement for a building of this size in this
location of the Kumamoto City. There was surficial manifestation of liquefaction at this site and
this is properly predicted in Figure 6-16 (Ishihara, 1985).
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Figure 6-15: Site 2-1 liquefaction analysis using Youd et al. (2001)
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Figure 6-16. Site 2-1 surficial manifestation of liquefaction (Ishihara, 1985)

Cyclic Triaxial Testing of Samples at Site 2-1
Dr. Shideh Dashti and her Ph. D. student, Mahir Badanagki, who were joint participants on
the research for this earthquake, were given undisturbed soil samples from site 2-1 for cyclic
triaxial testing. Unfortunately, the undisturbed samples were dried out, requiring them to be
remoistened and reconstituted in the laboratory. This would result in lower plasticity measured
for halloysite fines present in the sample. The poorly graded sand was non-plastic, however, so
the results for that point are more accurate. Reconstituted samples have lower liquefaction
resistance than in situ but Yagi (2003) suggests that in-situ cementation of volcanic soils hinders
liquefaction and that reconstitution of samples significantly changes soil properties.
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We used isotopically consolidated, undrained tests to evaluate soil stiffness degradation
and excess pore water generation with an applied cyclic loading frequency of 1 Hz. The
summary results of the tests are shown in Figure 6-17 below. The red star indicates the CSR and
equivalent cycles measured during the strongest event in Kumamoto. The average CRR line is
slightly higher than this point indicating that many soils were close to liquefying. In general, the
samples showed a high degree of resistance to liquefaction triggering.
Due to the drying and reconstitution of the samples, these results would need to be
validated with additional testing at the site. The results do seem, however, to line up with the

Corresponding Cyclic Stress Ratio, CSR (0.5×qmax/p')

SPT and CPT results.

2
Fit: Y = (X-0.26)×1.86
R2 = 0.7
Depth = 2 − 2.75 m
Depth = 6.9 − 7.6 m
Depth = 7.6 − 8 m
Depth = 9 − 10 m
Demand

1.5

1

Did not
liquefy

0.5

0

1

10
100
1000
10000
No. of cycles to reach initial liquefaction

Figure 6-17: CSR vs. Number of cycles obtained experimentally on Kumamoto samples
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Site 2-2: Downtown Kumamoto with no Liquefaction.
Site 2-2 location is about 250 feet to the west of site 2-1, coordinates of 32° 46’ 11.88” N,
130° 41’ 29.39” E. Site 2-2 is located in a residential area in a small gravel parking lot. No
liquefaction was observed in this parking lot and only minor liquefaction was observed in this
neighborhood at a sandy field in a nearby elementary school. Site 2-2 is not located on the
liquefied strip of land. Figure 6-18 summarizes the SPT data and Figure 6-19 summarizes the
CPT data. Figure 6-20 illustrates normalized CPT penetration resistance plotted against
normalized friction ratio and Ic with depth.

Figure 6-18: Site 2-2 SPT counts, soil layering, and laboratory test results
.
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Figure 6-19. Site 2-2 CPT results and soil behavior classification
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Figure 6-20: Site 2-2 normalized CPT penetration resistance plotted against normalized friction ratio and Ic with depth
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Geomorphology
The deeper layers above the Aso-4 flows and Ariake Bay clay sediments are composed of
four meters of silty sand mixed with some gravel. Above this is a layer of clayey sand about two
meters thick. This site is also located on a natural levee and seems to have naturally deposited
material throughout the soil profile.

SPT Susceptibility and Initiation Analysis
I performed an SPT analysis, shown in Table 6-2, which predicts four meters of
liquefaction occurring in the silty sand layer. The GEER team (Kayen et al., 2017), however,
reported no observed liquefaction at this site. Due to the dry preparation of the soil samples,
plasticity in the silty sand layer shown on the boring log is probably higher than results indicate.
Unfortunately, only one sample was retrieved between a depth of four and ten meters, at a depth
of seven meters. The SPT analysis of the site over-predicted liquefaction.

Table 6-2: Site 2-2 SPT analysis using Boulanger and Idriss method (2016)
Depth
interval

Material PI

FC

0-.5
.5-1
1-1.5
1.5-2
2-2.5
2.5-3
3-3.5
3.5-4
4-4.5
4.5-5

Clay
Silt
Silt
Sand
Sand
Silt
Silt
Silt
Sand
Sand

#N/A
#N/A
#N/A
8.7
8.7
16.4
16.4
16.4
14.5
14.5

5-5.5

Sand

14.5

#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
36
7
20.28
36
4
13.69
88.6
4
13.29
88.6
0
5.52
88.6
0
5.52
42.1
1
7.35
42.1
1
7.27
Table 6-2: Continued
42.1
2
8.79

N

N1(60cs)
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CRRM,σ'v CSRM,sigv'

FS
(SPT)

#N/A
#N/A
#N/A
0.25
0.17
0.16
0.10
0.10
0.11
0.11

0.33
0.32
0.32
0.32
0.34
0.37
0.39
0.41
0.43
0.44

#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A

0.12

0.45

#N/A

5.5-6
6-6.5
6.5-7
7-7.5
7.5-8
8-8.5
8.5-9
9-9.5
9.5-10
10-10.5

Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand

14.5
0
0
0
0
0
0
0
0
7.8

42.1
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
21.8

2
7
7
11
11
16
16
23
23
6

8.67
10.90
10.58
15.73
15.34
21.52
21.08
29.62
29.14
11.90

0.12
0.13
0.13
0.17
0.17
0.25
0.24
0.53
0.50
0.13

0.46
0.46
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.46

#N/A
0.27
0.26
0.35
0.34
0.48
0.47
0.98
0.93
#N/A

CPT Susceptibility and Initiation Analysis
I performed a CPT analysis, shown in Figure 6-22, which predicts around seven feet of
liquefaction and 25 cm of predicted settlement. The GEER (Kayen et al., 2017) reported no
settlement at this site. The Ishihara (1985) plot predicts significant surficial liquefaction as
shown in Figure 6-21, which was not observed at the site.

Figure 6-21. Site 2-2 surficial manifestation of liquefaction (Ishihara, 1985)
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Figure 6-22: Site 2-2 liquefaction analysis using Youd et al. (2001)
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Site 4: Levee Located Near the Epicenter with Minor Liquefaction
Site 4 is the farthest away from Kumamoto City, and lies nearly at the terraces of Mt. Aso.
Site 4 lies just west of Mashiki and experienced very high ground motions. The coordinates are
32° 44’ 17.44” N, 130° 42’ 2.47” E. Site 4 is located on a former river channel on the Akizu
River that has now been transformed into a backyard farming plot. The GEER (Kayen et al.,
2017) team reported lateral spread like cracking, and minor fissures and sand boils, and minor
liquefaction in the neighborhood to the north. Movement towards the river, however, was not
confirmed. Figure 6-23 is the SPT summary and Figure 6-24 is the CPT summary. Figure 6-25
illustrates normalized CPT penetration resistance plotted against normalized friction ratio and Ic
with depth. Site pictures are shown in Figure 6-26.

Figure 6-23: Site 4 SPT counts, soil layering, and laboratory test results
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Figure 6-24. Site 4 CPT results and soil behavior classification

86

Figure 6-25: Site 4 normalized CPT penetration resistance plotted against normalized friction ratio and Ic with depth

87

Figure 6-26. Hypothesized lateral spread at site 4 and observed fissures and ejecta (Kayen
et al., 2017)

Geomorphology
Because of the proximity to the Aso terraces, the soils are more heavily influenced by the
Aso Caldera. At a depth of nine meters is the Aso-4 pyroclastic flow deposit, which at this
proximity to the Caldera is relatively near to the surface compared to other sites on the
Kumamoto Plain. Above this flow deposit is a thick layer of peat. Above the peat is a fresh
deposit of volcanic sediment. The river has been extensively altered in the last 40 years, being
widened and redirected. Figure 6-27 shows the geomorphology of the region and Figure 6-28
shows the new and old river layout. Recycled materials from the adjacent floodplain were used
to fill in this area and were most likely clayey and organic, making compaction difficult. The soil
is not suitable for homes, and the area has been turned into a large neighborhood farming plot
and a bus stop. In addition, this area is likely highly anisotropic when it comes to soil profile and
composition.
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Former river channel
Flood channel, low
water point, beach
River
Valley plain, Floodplain
10,000 year and older
terrace deposit
Low lands
Figures 6-27: Geomorphological map of site 4 (GSI, 2018)

Figure 6-28: Present day picture of area 2016 (left) and 1970 (right) (GSI, 2018)
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SPT Analysis
I did not perform an SPT analysis as all soils were either too plastic or too organic to
liquefy. Other nearby sites may have had minor liquefaction, but our testing indicated otherwise
for this test hole. The original, sandy pyroclastic layer at the bottom was also too plastic to
liquefy. Although geological reports summarize the pyroclastic flow material as a sand, this
sandy material seems plastic and non-susceptible to liquefaction.

CPT Analysis
I performed a CPT analysis, given in Figure 6-30, which predicts around three meters of
liquefaction, 17 cm of settlement, and 120 cm of lateral spreading. My analysis shows that no
surficial manifestation of liquefaction would have occurred, based on the chart in Figure 6-29
(Ishihara, 1985). The GEER (Kayen et al., 2017) reported minor surficial liquefaction.

Figure 6-29. Site 4 surficial manifestation of liquefaction (Ishihara, 1985)
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Figure 6-30: Site 4 liquefaction analysis using Youd et al. (2001)
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Slope Stability Analysis of Site 4
The GEER team (Kayen et al., 2017) observed small sand boils and cracking that were
theorized to be lateral spreading at site 4. Due to the organic and very weak foundational strength
of the site, I performed a slope stability analysis using Slide, provided by Rocscience, to analyze
the site for earthquake-induced slope displacements. A horizontal seismic coefficient of 0.425
was used in direction of failure which allows for up 1.0 meters of lateral displacement with a
factor of safety of 1.0. The seismic coefficient of 0.425 was computed using charts explained in
Hynes-Griffin and Franklin (1984). A PGA of 1.0 g was used and is reasonable considering the
maximum PGA of 1.18 that occurred just a kilometer to the east of the site. The slope angle was
measured to be around 16 degrees. I calculated general soil properties from the text,
Embankments on Organic Soil (Hartlen & Wolski, 1996) and equations from Low et al. (2010).
Equations 6-1 through 6-3 are the fundamental equations used to compute material
properties. Figure 6-31 and Figure 6-32 give the slope stability analysis for a rotational failure.
Figure 6-33 and Figure 6-34 give the slope stability analysis for a block failure. Figures 6-31
through 6-34 have estimated material properties listed. Block failure was plausible given the
underlying pyroclastic flow deposits, which create a uniform pumice sand foundation. Both
rotational failure and block failure had slope limits set at the approximate location of cracking
observed by the GEER team (Kayen et al., 2017).
The slope factor of safety computed using the Bishop simplified procedure went from
2.612 to 0.422 for a rotational failure mechanism and from 2.325 to 0.325 for a block failure
mechanism, indicating slope failure. The rotational and block failure plane aligned relatively
well with the observed cracking which is shown on the slope stability plots (Kayen et al., 2017).
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My analysis suggests that the organic soil would likely have failed along the pyroclastic
flow layer during the high intensity shaking. The denser pyroclastic flow layer served as an ideal
slip plane for slope failure. The small sand boils and ejecta were likely due to the volcanic sand
till near the surface of the soil, just under the surficial clay layer. Many levees in Kumamoto
experienced subsidence and cracking due mainly to the weak foundational strength of the soils
combined with seismic loading and minor liquefaction (Kyushu Regional Development Bureau,
2012 & 2017). The highly organic contents of site 4 are probably unique to just site 4, but weak
foundational material and a dense stratum of sand may be the cause of the cracking of levees and
embankments across the Kumamoto Plain. Site 4 experienced a unique combination of shallow
seismic slope failure and localized lateral spreading. The GEER team correctly identified this site
as a lateral spread (Kayen et al., 2017), though the shallow seismic slope failure was probably
the greater factor behind the cracking, which was observed throughout the levees and
embankments of the Kumamoto Plain (MLIT, 2017).

N KT = 13.4 + 6.65 ⋅ wL

N KT ≤ 15.2

(Larsson and Mulabdic, 1991)

6-1

wL = Water content in %

τ fu =

qT − σ vo
N KT

6-2
(Hartlen & Walski, 1996)

qT = Corrected cone tip resistance

σ vo = Initial vertical stress
N KT = Cone factor

τ fu = c + φ '

(Hartlen & Walski, 1996)
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6-3

Figure 6-31: 2.612 factor of safety with rotational failure mechanic with static loading
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Figure 6-32: 0.422 factor of safety with rotational failure mechanic with seismic loading
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Figure 6-33: 2.323 factor of safety with block failure mechanic with static loading
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Figure 6-34: 0.325 factor of safety with block failure mechanic with seismic loading
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7

DISCUSSION OF RESULTS

This chapter will discuss liquefaction in the Kumamoto Plain, based on publicly available
boring logs and the results of the field tests in the previous section. I will compare several
different methods of CPT-based liquefaction analyses to see if there are discrepancies between
the various methods. I will also discuss the impact of regional geomorphology on liquefaction
and misinterpretation of boring logs.

SPT-based Analysis with Boulanger and Idriss (2014)
The Boulanger and Idriss (2014) liquefaction initiation procedure properly predicted site 21 liquefaction, but was overly conservative for site 2-2, where liquefaction did not seemingly
occur. There may have been some soil grain crushing which led to low blow count readings,
though this needs to be confirmed with mineralogical testing. The greatest advantage of SPT
testing was in the sample retrieval, which allowed for relatively accurate determination of fines
content and soil plasticity.

CPT-based Analysis Methods Comparison
I compared the Youd et al. (2001), Idriss & Boulanger (2012), Robertson (2009), and
Boulanger and Idriss (2014) CPT liquefaction analyses using Cliq. Note that Idriss and
Boulanger (2012) is the same as the Idriss and Boulanger (2008) in the charts below. Youd et al.
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(2001) is the same as the Robertson (NCEER 2001). The LPI and LSN are given for all the sites
with different methods in Figures 7-1 and 7-2. Predicted settlement and lateral spread are given
for all the sites with different methods in Figures 7-3 and 7-4.
The Robertson (2009) method on site 1 and 4 grossly over-predicted liquefaction of the
entire profile. The fine-grained soil has a very low factor of safety and this is reflected in the LPI
and LSN analysis for sites 1 and 4. The LPI was reasonably consistent between the other for all
methods at sites 2-1 and 2-2. Idriss and Boulanger (2012) predicted more severe liquefaction
potential and hazards than the Boulanger and Idriss (2014) method. Idriss and Boulanger (2012)
was especially over conservative for site 4 lateral spreading. All methods seemed to over-predict
liquefaction at site 2-2, which was the natural sandy deposit. The most reasonable and accurate
CPT analysis method throughout seemed to be the Youd et al. (2001) method.

Figure 7-1: LPI for all sites with different methods
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Figure 7-2: LSN for all sites with different methods

Figure 7-3: Predicted settlement for all sites with different methods
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Figure 7-4: Predicted lateral spread for all sites with different methods

Soil Crushability and Soil Plasticity
Naturally deposited sand with low blow counts are typical throughout the Kumamoto Plain
and a list of example boring log ID’s is given in Appendix B. These example boring logs were
found through KuniJiban, the Japanese public boring log database. The example boring logs all
report soil profiles with thick sand layers and low blow counts, like those recorded at Site 2-2.
None of the example locations experienced liquefaction. The GEER team (Kayen et al., 2017)
may have seen these sandy materials in many of the boring logs and reasonably assumed the
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sand would be susceptible to liquefaction. These low blow counts may be the result of soil
crushability.
Geological maps roughly indicate around ten meters of sand and silt which encompasses
the surface of the plain (Mukunoki et al., 2016). The sandy soils we encountered throughout our
test holes usually had high fines content and plasticity. If our test holes are somewhat
representative of other soil deposits in the Kumamoto Plain, that would explain the lack of
significant liquefaction in these sandy deposits. The high fines content would have been the
product of rapid weathering volcanic glasses.

Regional Geology
A map of liquefied sites overlain with geomorphology is shown in Figure 7-5. Circled
areas represent areas with former river channels that are man-filled. Most serious liquefaction in
the Kumamoto Plain occurred over man-filled former river channels with natural levees and
floodplains having only sporadic pockets of minor liquefaction. This is consistent with Oya’s
(1995) observations regarding liquefaction susceptibility of geomorphological features.
The northern half of the Kumamoto Plain had almost no liquefaction, whereas the southern
half of the plain had many instances of minor liquefaction. Since the northern half is composed
of volcanic sediments which rapidly weather and generate fines, this observation is consistent
with material covered in chapter 3 and 4. The southern half of the plain experienced more minor
liquefaction which makes sense given the presence of metamorphic rocks, sandstone, and
mudstone as well as volcanic soils.
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Figure 7-5: Kumamoto Plain geomorphological map with liquefaction sites. Circled sites are locations of former river channels
(altered from Mukunoki et al., 2016)
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Misreading of Japanese Logs
A simple reason why liquefaction was over predicted was confusion over Japanese public
boring logs. Publicly available boring logs typically did not show laboratory testing data of the
bore hole. The logs that did show laboratory data showed the soil’s high degree of fine-grained
materials and plasticity, even for sand. The un-updated boring logs cloaked the high fines content
of the sandy soils. Tokyo Soils and Research also returned boring logs with field observations
only, while laboratory testing showed different soil classifications.
In primarily coarse-grained soils, fines content seems to be less emphasized in Japan than
in the Unified Soil Classification System (USCS). The differences in Japanese system and the
USCS for laboratory test samples of the Kumamoto Plain test holes are listed in Table 7-1. See
Appendix A-6 for an example of one Japanese soil classification system as provided by the
University of Yokohama.
The classification “Fine sand” was widely written on boring logs but is not defined under
either the Japanese classification system or the USCS. Fine sand seems to correlate to clayey
sand and medium sand to silty sand, at least based on our boring logs. Japanese publicly
available boring logs should be used with caution for liquefaction analysis unless the full testing
data is available. The GEER (Kayen et al., 2017) team were likely misled by the incomplete and
vague boring logs for the Kumamoto Plain.
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Table 7-1: Sample Japanese classification and US classification
Japanese

American (Unified System)

Abr.

Name*

Abr.

FS-G
CH-S
CH-S
CH
SF-G
S
SF
SF
SF
ML-S
FS
SF

Gravelly Sandy Clay
Sandy Clay (High LL)
Sandy Clay (High LL)
Clay (High LL)
Gravelly Fine Sand
Sand
Fine Sand
Fine Sand
Fine Sand
Sandy Silt Fine Sand (Low LL)
Sand with Fines
Fine Sand

S-FG

Gravelly Fine Sand

SF
MH-S

Fine Sand
Sandy Silt Fine Sand (High LL)
Gravelly Sand with Silt (High
MHSG
LL)
OHGravelly Organic Clay (High
SG
LL)
MLS
Sandy Silt (Low LL)
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CH
CH
CH
SC
SP
SC
SC
SC
ML
SC
SWSM
SC
CH
CH

Name
Fat Clay
Fat Clay
Fat Clay
Clayey Sand
Poorly Graded Sand
Clayey Sand
Clayey Sand
Clayey Sand
Silt
Clayey Sand
Well graded sand with silt
Clayey Sand
Fat Clay
Sandy Fat Clay with
Gravel

OH

Organic Clay with Sand

ML

Silt with Sand
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CONCLUSION

The Kumamoto earthquake of 2016 was predicted to cause extensive and severe
liquefaction throughout the Kumamoto Plain (GEER, 2017). Immediately following the
earthquakes, a GEER team led by Professor Rob Kayen of UC Berkley was dispatched to the
area. The Japanese and U.S. engineers in the GEER team however, observed mostly minor and
sporadic liquefaction. I investigated the paucity and limited scale of liquefaction in the
Kumamoto Plain, in direct response to the GEER team’s preliminary findings. The findings from
this research are listed below.
1) SPT and CPT testing predicted liquefaction reasonably well at site 2-1, a former river
channel that was filled with sand. Other man filled river channels experienced similar
liquefaction but naturally filled river channels showed no signs of liquefaction.
2) Liquefaction was over-predicted for sandy deposits that were naturally placed.
Volcanic soils, especially prevalent in the northern half of the Kumamoto Plain, were
likely resistant to liquefaction due to their high fines content, plasticity, and organic
content. Likewise, their crushable nature may have led to artificially low resistance
readings for the SPT and CPT. The less volcanic soils of the southern half of the
Kumamoto Plain experienced much more sporadic minor liquefaction. Volcanically
derived sands in general also showed a higher resistance to liquefaction based on our
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cyclic triaxial results and tests by Enomoto & Kubo (2016), though our results would
need to be validated with higher quality samples.
3) Multiple CPT methods were compared and gave significant differences, especially for
clay deposits at sites 1 and 4. Robertson (2009) vastly over-predicted liquefaction at
these sites. In general, Boulanger and Idriss (2014) and Youd et al. (2001) gave similar
results and Idriss and Boulanger (2012) gave the most conservative results for the test
sites. Youd et al. (2001) was the most consistent between all sites.
4) The cracking at site 4 was determined to be a lateral spread and seismic slope
instability. The combination of seismic loading, organic soils, and a pyroclastic flow
layer at a depth of ten meters, which acted as a slip plane, resulted in a low factor of
safety for the embankment. This reflects the general state of levee damage in the
southern half of the Kumamoto Plain, where minor liquefaction sometimes
accompanied predominant seismically induced cracking (MLIT, 2017).
5) Japanese boring logs do not always have consistent accuracy and do not consistently
identify soil types for the same material. Field tests should be performed and then
supplemented with boring logs with laboratory data that is available.
Due to constrains on time, scope, and budget, there were several topics not extensively
researched that are worthy of additional research. Some suggestions for future research are on
understanding the weathered and eroded daughter products of volcanic soils and deep
liquefaction of the Kumamoto Plain pyroclastic pumice layers.
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APPENDIX A: SUPPLEMENTARY EARTHQUAKE AND KUMAMOTO PLAIN DATA

This appendix contains Figures and Tables which I considered useful, though not
important enough to post in the main text of this paper. There is earthquake response spectrum
data for various sites in the area along with general site amplification, shear wave, and bedrock
depth maps. Lastly, there are additional maps that record the extent of observed liquefaction
damage.
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Figure A-1. Table explained the JMA Seismic Intensity Scale (JMA, 2019)
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Figure A-2. Kumamoto City (KMM006) and Uto City (KMM008)

Figure A-3. Upper 30 m average shear wave velocity from J-shis map
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Figure A-4. Site Amplification Factor from J-shis map

Figure A-5. Observed soil liquefaction from GEER team (Kayen et al., 2017)
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Figure A-6: Japanese soil classification chart (translated to English)

125

Figure A-7: Observed soil liquefaction in Kumamoto City (Bhattacharya et al., 2018)
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APPENDIX B: LABORATORY AND SITE EXPLORATION DATA

The following section contains the disaggregated data collected through soil boring, SPT,
and CPT testing. There is also laboratory data on soil plasticity, gradation, and classification.
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Figure B-1. Boring log for site 1
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Figure B-2. Boring log for site 2-1
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Figure B-3. Boring log for site 2-2
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Figure B-4. Boring log for site 4
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Figure B-5. Soil testing data for site 1
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Figure B-6. Soil testing data for site 2-1
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Figure B-7. Soil testing data for site 2-2
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Figure B-8. Soil testing data for site 4
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Table B-1. Kunijiban sandy low blow count profiles throughout the Kumamoto Plain
B4KJ201801008-9583

B4KJ201801010-5234

B4KJ201801009-1161

B4KJ201801010-5244

B4KJ201801008-9584

B4KJ201801010-5241

B4KJ201801009-1195

B4KJ201801010-5247

B4KJ201801008-9589

B4KJ201801010-5251

QS2004895060020030003

B4KJ201801010-5274

B4KJ201801008-9585

B4KJ201801009-9073

B4KJ201801010-5215

B4KJ201801009-1168

B4KJ201801010-4917

B4KJ201801010-5184

B4KJ201801010-4924

B4KJ201801009-8954
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